LGBP is an inducible acute-phase protein that may play a critical role in shrimp-WSV interaction and that the WSV infection regulates the activation and/or activity of the proPO cascade in a novel way.
Invertebrates lack a true adaptive immune system and rely instead on various innate immune responses against invading pathogens (12) . Both cellular and humoral immunity play important roles in defense against microorganisms in invertebrates. The cellular immune responses include encapsulation, phagocytosis, and nodule formation (24) , whereas the humoral responses include the clotting cascade, the synthesis of a wide array of antimicrobial peptides, and the phenoloxidase (PO)-activating system (prophenoloxidase [proPO] system) (11, 15, 34) . Bacteria and fungi have molecules such as lipopolysaccharide (LPS) and ␤-1,3-glucans on their surfaces that are recognized by nonself recognition molecules and elicit an immune reaction in both vertebrates and invertebrates. Proteins that recognize the LPS and ␤-1,3-glucans are known as pattern recognition proteins (PRPs) (16) . In mammals, the complex of bacterial LPS and the plasma LPS binding protein binds to CD14, which transduces the signal through toll-like receptors and activates the NF-B signaling cascade (13, 21, 22, 49) . In insects and crustaceans, LPS and ␤-1,3-glucans, upon binding to LPS and glucan binding protein, activate proPO, the coagulation cascade, and the genes for antibacterial effector proteins (11, 15, 33) .
Shrimp, like all invertebrates, depend on an innate immune response against pathogenic invasion (1) . A number of genes involved in innate immunity in shrimp have been recently characterized. For example, a family of antimicrobial peptides named penaeidins, which have antibacterial and antifungal activities, were isolated from shrimp (Penaeus vannamei) (5) . The gene encoding proPO was cloned from shrimp (Penaeus monodon) and found to be very similar to that for crayfish proPO (35) . Antiviral substances from shrimp (Penaeus setiferus), blue crab, and crayfish that bind to a variety of DNA and RNA viruses (Sindbis virus, vaccinia virus, vesicular stomatitis virus, mengovirus, Banzi virus, and poliomyelitis virus) have been isolated (29) . The inhibitory activity of these antiviral substances is a component of the innate immune response and may serve as an important barrier to delay the onset of viral infection (29) . A quasi-immune response in kuruma prawn (Penaeus japonicus) against white spot virus (WSV) has been reported previously (45) . When survivors of WSV natural outbreaks or experimental infections were challenged with WSV, a survivability value of 64 to 94% was recorded. Although the survivors of the natural outbreak did not show any WSV-neutralizing activity, it was found in the experimentally infected shrimp 17 days postchallenge. Such an immune response in P. japonicus has been attributed to a quasi-immune response (45) .
WSV is the most devastating viral pathogen of cultured penaeid shrimp (Penaeus spp.) worldwide (9, 23) . The virus has a wide host range among crustaceans and infects all commer-cially important species of penaeid shrimp (9) . WSV is an enveloped virus with bacilliform morphology, ϳ275 by 120 nm in size, and has a tail-like projection at one end of the particle (47) . The viral genome contains double-stranded DNA of ϳ292 to 305 kb in length (42, 48) . WSV is morphologically similar to insect baculovirus. However, phylogenetic analysis of ribonucleotide reductase and protein kinase genes revealed that WSV does not share a common ancestor with baculoviruses (40, 41) . Although considerable progress has been made in the molecular characterization of WSV, information on shrimp genes that are involved in WSV pathogenesis remains elusive.
In order to isolate host genes that are differentially expressed due to WSV infection, a cDNA library was constructed from hepatopancreas tissue of WSV-infected shrimp (Penaeus stylirostris). Random sequencing of cDNA clones from the library provided a partial clone that showed significant similarity to a crayfish LPS and ␤-1,3-glucan binding protein (LGBP) gene (25) . The full-length LGBP gene of shrimp was then cloned and sequenced, and its temporal expression was measured by real-time reverse transcription-PCR (RT-PCR) in healthy and WSV-infected shrimp. Since binding of LPS to
LGBP is known to activate the proPO cascade, we also measured the temporal expression of proPO in the same healthy and WSV-infected shrimp. The mRNA expression of the LGBP gene was found to be upregulated in WSV-infected animals. The expression of the proPO gene was upregulated initially, followed by a downregulation as the virus infection progressed, suggesting that WSV infection inhibits the activation and/or activity of the proPO gene. The demonstration that the LGBP gene is upregulated in WSV-infected shrimp and the consequent downregulation of proPO with disease progression open a new insight into the involvement of PRPs in viral pathogenesis in invertebrates and in particular in WSV pathogenesis in shrimp.
MATERIALS AND METHODS
WSV challenge experiment. Specific-pathogen-free (SPF) juvenile (1.5-to 2.0-g) shrimp (P. stylirostris) from Super Shrimp Inc. stocks were used for all WSV challenge work. Animals were maintained in environmentally controlled 40-liter glass salt water aquaria (32-to 36-ppt salinity, 27 to 28°C) and fed a high-protein commercial feed (Aquafauna; Bio-Marine, Inc., Hawthorne, Calif.). A WSV (Chinese isolate, 1995) inoculum was prepared with virus-infected shrimp tail muscle that tested positive by real-time quantitative PCR using SYBR Green chemistry as described previously (6) . Frozen infected tissue was homogenized in sterile 2% NaCl (1:10 [wt/vol]) solution and centrifuged in a tabletop centrifuge (Beckman Microfuge Lite model) at 5,000 rpm for 5 min. The supernatant was filtered through an 0.45-m-pore-size filter and used for injecting the animals. The negative control healthy tissue homogenate was prepared from PCR-confirmed healthy tail tissue by the same method as that used for preparing the WSV inoculum. SPF animals were injected with either ϳ30 l (10 6 copies) of WSV inoculum or healthy tissue homogenate between the second and third tail tergal plates on the lateral side of the shrimp with a 1-ml tuberculin syringe. Moribund animals and healthy injected animals were collected 36 h postinjection (p.i.) and stored at Ϫ80°C. Two independent WSV challenge experiments were performed.
To study the kinetics of expression of LGBP and proPO genes in healthy and WSV-infected shrimp, a time course study was performed. SPF P. stylirostris shrimp were injected either with WSV inoculum or healthy tissue homogenate as described above, and samples were collected at 0, 2, 4, 8, 16 , and 32 h p.i. There were seven healthy and seven WSV-injected animals for each time point. Hemolymph (50 to 150 l) was drawn from the ventral sinuses of each shrimp with a 1-ml syringe containing 10% sodium citrate. The animals and the hemolymph samples were immediately stored at Ϫ80°C. Total RNA was isolated from the hepatopancreas and the hemolymph samples with TRI reagent according to the manufacturer's protocol (Molecular Research Center Inc.).
Quantification of WSV load by real-time quantitative PCR using SYBR Green chemistry (SYBR Green PCR). WSV load was measured in hepatopancreas tissue collected 36 h p.i. Total genomic DNA was extracted from the hepatopancreas of healthy and WSV-infected animals according to the DNAzol protocol (Molecular Research Center Inc.). The sequence of the primers used for WSV quantification and the reaction mixture were the same as described previously (6) .
For the WSV time course experiment, DNA was extracted from tail muscle of both healthy and WSV-injected animals at each time point by the DNAzol protocol. WSV load was measured with the primers based on the WSV structural protein gene VP26 (470F, 5ЈGCAGGAAACATTAAGGGAAATACTATG3Ј, and 570R, 5ЈTTGCTGCACACGTCAATGAG3Ј). The protocol for SYBR Green PCR was the same as described previously (6) .
Construction of a cDNA library and isolation of the LGBP gene. A cDNA library was constructed from the hepatopancreas of WSV-challenged shrimp at 36 h p.i. mRNA was isolated from hepatopancreas total RNA with an oligo(dT) cellulose spin column (Poly A Pure mRNA isolation kit; Ambion Inc., Austin, Tex.). cDNA was synthesized with oligo(dT) primer and directionally cloned into the Uni-Zap XR vector with the ZAP-cDNA synthesis kit and the ZAP-cDNA Gigapack III Gold cloning kit (Stratagene, La Jolla, Calif.). The primary library was amplified to 5.18 ϫ 10 6 PFU/ml. A small aliquot of the amplified library was taken for mass excision with ExAssist helper phage and Escherichia coli Solar strain according to the manufacturer's protocol (Stratagene). Colony PCR was done on randomly selected phagemid clones with T3 and T7 primers. Eighty recombinant clones containing an insert of Ͼ350 bp were taken for sequencing with the T3 primer. Sequencing was done in an automated DNA sequencer (Model ABI 373A) with the Taq DyeDeoxy terminator cycle sequencing kit (Applied Biosystems, Foster City, Calif.). An 808-bp clone (PsEST 289) showed similarity to a GenBank database entry for the crayfish LGBP gene. Internal primers were then designed to complete the sequencing of PsEST 289.
Cloning the 5 end of PsEST 289 by the RACE (rapid amplification of cDNA ends) technique. The 5Ј end of the shrimp LGBP gene was cloned by an RNA ligase-mediated RACE method (RLM 5Ј-RACE; Ambion Inc.). Two internal primers, 5Ј-CTGGACTCCAAAATGTCGATCTC-3Ј (nucleotide position 604 to 626, Fig. 1 ) and 5Ј-TACTCGACGTGGGTCTTCTCGA-3Ј (nucleotide position 710 to 731, Fig. 1 ), were designed based on the sequence of PsEST 289. These two primers were used in conjunction with the RLM 5Ј-RACE adapter primer to capture the 5Ј end of the shrimp LGBP gene. The resulting 627-bp fragment was cloned into pIB/V5-His TOPO vector with the TA cloning kit (Invitrogen Inc., Carlsbad, Calif.). Three recombinant clones were sequenced with an automated DNA sequencer (Model ABI 373A).
Sequence analysis. The shrimp LGBP gene sequence was used for a GenBank database search with BLASTX and BLASTP searches (http://blast.genome .ad.jp). Multiple alignment of the shrimp LGBP gene was performed with the ClustalW Multiple Alignment program (http://searchlauncher.bcm.tmc.edu/) and BOXSHADE. The protein domain features of the shrimp LGBP gene were determined by using the InterPro website hosted by the European Bioinformatics Institute, Cambridge, United Kingdom (www.ebi.ac.uk/interpro/).
Quantification of LGBP gene expression by real-time RT-PCR. The mRNA expression of the shrimp LGBP gene in hepatopancreas tissue of healthy and WSV-injected shrimp was measured by real-time RT-PCR in two independent WSV challenge experiments. The cDNA synthesis was carried out in a 20-l reaction volume containing 1 g of DNase-treated total RNA, 1ϫ PCR buffer (pH 8.2), 1 mM deoxynucleoside triphosphate (dNTP; PE Applied Biosystems), 0.75 M oligo(dT), 4 U of RNase inhibitor (PE Applied Biosystems), and 5 U of MutiScribe reverse transcriptase (PE Applied Biosystems). cDNA was diluted to 1:10, and 1 l of the 1:10 dilution was used for each SYBR Green RT-PCR. The SYBR Green RT-PCR assay was carried out in a GeneAmp 9600 thermocycler coupled with a GeneAmp 5700 Sequence Detection System (PE Applied Biosystems). The amplifications were performed in a 96-well plate in a 25-l reaction volume containing 7.1 l of 2ϫ SYBR Green Master Mix (PE Applied Biosystems), 0.24 M (each) LGBP gene-specific forward (289-170F, 5ЈGGTA ACCAGTACGGAGGAACGA3Ј) and reverse (289-233R, 5ЈTACTCGACGTG GGTCTTCTCGA3Ј) primers, and 1 l of 1:10-diluted cDNA. The thermal profile for SYBR Green RT-PCR was 50°C for 2 min and 95°C for 10 min followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. In a 96-well plate, each sample was run in triplicate along with an internal control gene, the shrimp elongation factor 1␣ (EF-1␣) gene. Recently, we isolated a constitutively expressed gene from P. stylirostris shrimp, the EF-1␣ gene, while comparing the RNA fingerprints of healthy and WSV-infected animals. Cloning and sequencing of a 382-bp EF-1␣ cDNA showed that it has significant similarity to yeast EF-1␣ . We have also shown previously that the shrimp EF-1␣ gene is a better internal control for real-time RT-PCR than is the shrimp ␤-actin gene (7) . Based on these data, the shrimp EF-1␣ gene was used as an internal control for all real-time PCR assays described in this paper. The nucleotide sequences of shrimp EF-1␣ primers used for SYBR Green RT-PCR assay were as follows: forward, 5ЈTCGCCGAACTG CTGACCAAGA3Ј, and reverse, 5ЈCCGGCTTCCAGTTCCTTACC3Ј. To determine reproducibility, the SYBR Green assay was repeated three times independently.
In addition to measurement of LGBP gene expression in healthy and WSVinjected shrimp at 36 h p.i., the temporal expression of the LGBP gene in the hepatopancreas of healthy and WSV-injected animals was measured at different time points (0, 2, 4, 8, 16, and 32 h) after virus challenge. The cDNA synthesis, SYBR Green reaction mixture, and the temperature profile for the RT-PCR were the same as described above.
Cloning of the P. stylirostris proPO gene and measurement of the expression of proPO in healthy and WSV-injected shrimp by real-time RT-PCR. A 563-bp proPO cDNA was amplified by RT-PCR with hemolymph total RNA isolated from WSV-infected shrimp (P. stylirostris). The primers for proPO RT-PCR were designed based on the published sequence of the proPO gene from P. monodon (35) . The primer sequences were as follows: 735F, 5ЈGGAATTGTTTTACTAC ATGCATCAGC3Ј, and 1297R, 5ЈGGAACAAGTCATCCACGAGCTT3Ј. cDNA synthesis was done with MutiScribe reverse transcriptase (PE Applied Biosystems) as described above. The RT-PCR was carried out in a 20-l reaction volume containing 1 l of cDNA reaction mix, 1ϫ AmpliTaq Gold Buffer (Applied Biosystems), 2.5 mM MgCl 2 , 0.5 M dNTPs, 1 M (each) forward and reverse primers, and 2.5 U of AmpliTaq Gold (Applied Biosystems). The temperature profile for PCR was 95°C for 10 min followed by 30 cycles of 95°C for 45 s, 55°C for 1 min, and 72°C for 1 min. The amplified cDNA was run in a 1% agarose gel, gel purified with Qiaquick (Qiagen, Valencia, Calif.) columns, and cloned into a TOPO vector (TOPO TA cloning kit for sequencing; Invitrogen). Three recombinant clones were sequenced, and based on this sequence, primers were designed for measuring the proPO level in the hemolymph of healthy and WSV-injected shrimp by SYBR Green RT-PCR assay. The primers used for proPO assay by real-time PCR were 408F, 5ЈCGACATCCTGGCCTTCTACA C3Ј, and 463R, 5ЈAAAGCCCATTTCCTCCTTGT3Ј. The hemolymph RNAs isolated from the animals at different time points were dissolved in 25 l of Tris-EDTA, pH 8.0, and cDNA was synthesized in a 40-l reaction volume containing 1ϫ PCR buffer (pH 8.2), 1 mM dNTP (PE Applied Biosystems), 0.75 M oligo(dT), 4 U of RNase inhibitor (PE Applied Biosystems), and 5 U of MutiScribe reverse transcriptase (PE Applied Biosystems). Five out of 40 l of cDNA was used for each SYBR Green RT-PCR for measuring the proPO level. In a 96-well plate, each sample was run in duplicate along with the internal control gene, the EF-1␣ gene.
Since proPO expression is known to be upregulated due to infection by gramnegative bacteria, we injected juvenile (1.5-to 2.0-g) shrimp (P. stylirostris) with dead avirulent gram-negative bacteria, Caulobacter crescentus. The bacterial culture was diluted to 1.6 ϫ 10 7 cells/ml with 2% saline, and 10 l was injected between the second and third tail tergal plates on the lateral side of the shrimp with a 1-ml tuberculin syringe. Hemolymph collected from bacterially challenged animals served as positive controls for proPO assay by real-time RT-PCR. Animals injected with 2% saline served as negative controls. Hemolymph was drawn from bacterially challenged and control animals at 32 h p.i., and total RNA was isolated with TRI reagent. RNA was treated with DNase I before being used for SYBR Green RT-PCR.
Data analysis for SYBR Green RT-PCR. At the end of each SYBR Green RT-PCR run, data analysis was performed with the 5700 Sequence Detection System software (SDS version 1.3) and the method described elsewhere (6; Dhar et al., Plant and Animal Genome IX, 2001). Briefly, the threshold PCR cycle (C T ) is defined as the cycle number at which a statistically significant increase in fluorescence of SYBR Green against the internal passive dye ROX (⌬R n ) is first detected. The copy number of the target gene and C T values are inversely related; thus, a sample containing a higher number of copies of the target gene has a lower C T value than that of a sample with a lower number of copies of the same target. The differences in the C T values of LGBP and proPO genes and the corresponding internal control EF-1␣ gene, called ⌬C T , were calculated to normalize for any difference in the amount of total RNA added to the cDNA reaction mixture and the efficiency of the reverse transcription reaction. The ⌬C T for the healthy sample was subtracted from the ⌬C T of the WSV-infected sample. The difference was expressed as a ⌬⌬C T value that allowed measurement of the FIG. 1. Nucleotide and deduced amino acid sequences of P. stylirostris LPS and LGBP gene. The nucleotide sequence is numbered from the 5Ј end, and the single-letter amino acid code is presented below the corresponding codon. The putative signal sequence (amino acid position 1 to 27) is shown in italics. Potential N-glycosylation sites are marked with asterisks. The underlined amino acid sequence represents a potential recognition motif for ␤-1,3-linkage of polysaccharides. Two RGD (Arg-Gly-Asp) putative cell adhesive sites are boxed. A dotted line marks a potential kinase C phosphorylation site, and the amino acids that compose the functional domain of glucanase are shown in boldface. change in expression of LGBP and proPO genes in the WSV-infected sample relative to the healthy control. A 3.3-C T -value change is considered to be equivalent to 10-fold changes in expression. The C T values were exported into a Microsoft Excel sheet for subsequent data analyses. An unpaired, two-tailed t test was done with the program Instat 1.41 to compare the LGBP and proPO gene expression levels in healthy and WSV-infected shrimp.
Northern blot hybridization. DNase-treated total RNAs (4 g) from healthy and WSV-injected shrimp at 32 h p.i. were run in a 1% formaldehyde agarose gel according to the standard protocol (30) . The RNA was then blotted onto a nylon membrane (Duralon-UV membranes; Stratagene) and baked at 80°C for 1 h. An 808-bp cDNA representing the shrimp LGBP gene was amplified by PCR with T3 and T7 primers from the cDNA clone PsEST 289. The amplified cDNA was run in a 1% agarose gel and gel purified with Qiaquick columns, and radiolabeled probe was made with [␣-
32 P]dCTP (NEN Life Science Products, Inc.) and the random primer labeling kit Prime It II (Stratagene). Prehybridization and hybridizations were performed according to the SuperHyb Kit protocol (Molecular Research Center Inc.). After hybridization, the membrane was exposed to Kodak film at Ϫ80°C. The PsEST 289 probe was then removed, and the membrane was hybridized with an EF-1␣ probe. The hybridization and washing conditions for the EF-1␣ probe were same as those used for the LGBP probe. The Northern blots were scanned with the program NIH Image 1.62 (http://rsb.info.nih.gov /nih-image/). First, the density measurements of the EF-1␣ gene in healthy and WSV-infected animals were analyzed with an unpaired, two-tailed t test to ensure that the shrimp EF-1␣ gene was constitutively expressed. Then the ratio of LGBP to EF-1␣ density was calculated for healthy and WSV-infected samples and analyzed by an unpaired, two-tailed t test.
Nucleotide sequence accession number. The consensus sequence was submitted to the GenBank database under accession no. AF 473579. (Fig.  1) . The ORF is capable of encoding a polypeptide of 376 amino acids with an estimated molecular mass of 44 kDa. Shrimp LGBP showed significant amino acid similarity with LPS-LGBP of the crayfish Pacifastacus leniusculus (79% similarity, E ϭ e-145 [25] ), ␤-1,3-glucanase of the sea urchin Strongylocentrotus purpuratus (65% similarity, E ϭ 2e-96 [2] ), and the coelomic cytolytic factor of the earthworm Eisenia foetida (58% similarity, E ϭ 6e-79 [4] ). It also showed similarity to the gram-negative bacterial binding protein of the mosquito Anopheles gambiae (64% similarity, E ϭ 4e-88 [8] ), Drosophila melanogaster (50% similarity, E ϭ 7e-38 [20] ), and the fall webworm, Hyphantria cunea (46% similarity, E ϭ 1e-30 [32] ). Moreover, shrimp LGBP showed amino acid similarity to the LGBP of the tobacco hornworm, Manduca sexta (50% similarity, E ϭ 6e-42 [26] ), and the silkworm, Bombyx mori (52% similarity, E ϭ 6e-45 [28] ). It is interesting that the shrimp LGBP gene showed similarity to the glucanase domain of the alpha subunit of coagulation factor G in the horseshoe crab (48% similarity, E ϭ 5e-12 [31] ) and several other bacterial ␤-1,3-and ␤-1,3,4-glucanases.
RESULTS
The shrimp LGBP gene contains a putative signal sequence, two potential glycosylation sites, a potential recognition motif for ␤-1,3-linkage of polysaccharides, two putative cell adhesion sites (Arg-Gly-Asp), and a protein kinase C phosphorylation site (Fig. 1) . Multiple alignment of the shrimp LGBP gene with the homologous genes of insect, crustacean, annelid, and tunicate species revealed that these sequence motifs remained largely conserved across species boundaries, indicating the functional conservation of these sequence motifs (Fig. 2) .
Quantification of WSV load by SYBR Green PCR. WSV load was measured in samples collected at 36 h p.i. from two independent WSV challenge experiments as well as the samples from the temporal regulation study. For all WSV challenge experiments, the virus was detected only in the virusinjected samples, not in the healthy samples. The viral load in shrimp at 36 h p.i. varied from 1.5 ϫ 10 6 to 2.1 ϫ 10 8 copies/ng of total cellular DNA. For each sample, the amplification of WSV-specific product was confirmed by examining the amplification plots and the corresponding dissociation curves. A dissociation curve with a single peak at the expected melting temperature (T m ϭ 76.0°C) indicated the amplification of WSV target only.
For the temporal regulation study, the virus was not detected in healthy injected samples from all six time points studied. Among the WSV-injected animals, the virus was detected only at 16 and 32 h p.i. and not at 0, 2, 4, and 8 h p.i. The average viral loads at 16 and 32 h p.i. were 3.51 ϫ 10 4 and 3.41 ϫ 10 4 copies/ng of cellular DNA, respectively. Expression of LGBP gene in healthy and WSV-injected shrimp. The relative levels of mRNA expression of the LGBP gene in the hepatopancreas tissue of healthy and WSV-challenged animals were measured by SYBR Green RT-PCR at 36 h p.i. In experiment 1, the average levels of the LGBP gene (expressed as ⌬C T ) in healthy and WSV-infected animals at 36 h p.i. were 4.14 and 1.92, respectively (Fig. 3) . Therefore, the difference (⌬⌬C T ϭ ⌬C T WSV Ϫ ⌬C T healthy) in the levels of LGBP gene expression between healthy and WSV-infected animals is Ϫ2.22. Considering a ⌬⌬C T of 3.3 equivalent to a 10-fold difference, the WSV-infected animal had an approximately fivefold-higher expression of the LGBP gene than did the healthy animals. In experiment 2, the WSV-infected samples showed 16-fold-higher (⌬⌬C T ϭ Ϫ4.0) expression of the LGBP gene than did the healthy animals. An unpaired, twotailed t test showed that a statistically significant difference existed between the two treatment groups for both experiments 1 and 2, with a P value of Ͻ0.0001.
The amplification specificity for LGBP and the corresponding internal control EF-1␣ was determined for each healthy and WSV-infected animal by analyzing the amplification plots and the dissociation curves. The amplification profiles and dissociation curves of the LGBP and EF-1␣ genes of representative healthy and WSV-infected samples are shown in In Fig. 4A , the C T value of the WSV-infected sample was 23, whereas the C T value of the healthy sample was 27. Therefore, the WSV-infected sample had 16-fold-higher expression than the healthy sample. To ensure that the difference in LGBP gene expression observed between healthy and WSV-infected samples was not due to a difference in the amount of input RNA used for the cDNA synthesis, EF-1␣ was amplified in parallel for both samples (Fig. 4C) . Both healthy and WSV- . This indicated that the difference in LGBP gene expression observed between healthy and WSV-infected samples was indeed due to the difference in the expression level between the two treatments and not due to variation in input RNA, efficiency of cDNA synthesis, or any other PCR artifact. The specificity of amplification of LGBP and EF-1␣ genes was determined by analyzing the dissociation curves. A dissociation curve showing a single peak at a melting temperature expected for that amplicon suggests specific amplification. For both LGBP and EF-1␣ genes, dissociation curves indicated amplification of intended targets with melting temperatures at 82.2 and 80.1, respectively ( Fig. 4B and D) . The temporal expression of the LGBP gene in healthy and WSV-infected samples is shown in Fig. 5 . At 0, 2, and 4 h p.i, the trend in LGBP gene expression remained the same in healthy and WSV-injected samples. At 8 h p.i., the LGBP gene expression level was about 1.91-fold higher in the virus-injected animals (⌬⌬C T ϭ Ϫ0.935). At 16 and 32 h p.i., the LGBP gene expression was 2.64-fold (⌬⌬C T ϭ Ϫ1.402) and 6.97-fold (⌬⌬C T ϭ Ϫ2.802) higher in the virus-infected animals (Fig. 5 ). An unpaired, two-tailed t test with healthy and WSV-injected samples showed no significant difference in LGBP gene expression at 0 (P Ͻ 0.7570), 2 (P Ͻ 0.6514), 4 (P Ͻ 0.6631), and 8 (P Ͻ 0.1964) h. However, a significant difference at 16 (P Ͻ 0.0308) and at 32 (P Ͻ 0.0002) h p.i. was observed. Overall, the data indicated that, as the virus infection progressed, the LGBP gene showed an increasingly higher level of expression in the virus-infected animals than in the healthy animals.
Northern blot analysis. Northern blots containing RNA from healthy and WSV-infected samples were hybridized with a radiolabeled LGBP gene probe. A single transcript of approximately 1.35 kb was detected in both healthy and WSVinfected samples (Fig. 6) . The signal intensity was much higher in WSV-infected samples than in healthy samples (Fig. 6) . The membrane was then washed to remove the LGBP gene probe and hybridized with the EF-1␣ probe. A single transcript of approximately 1.6 kb for the EF-1␣ gene was detected in both healthy and WSV-infected samples. The density of the EF-1␣ gene in healthy and WSV-infected animals was analyzed by an unpaired, two-tailed t test. The P value was Ͻ0.119, indicating that there was no statistically significant difference in the EF-1␣ gene expression between healthy and WSV-infected shrimp. Then the density ratio of LGBP to EF-1␣ was calculated for healthy and WSV-infected samples and analyzed by an unpaired, two-tailed t test. The P value was Ͻ0.007, which is statistically significant. This indicated that, although there is no statistically significant difference in the mRNA expression level of the constitutively expressed EF-1␣ gene, the LGBP gene expression showed a significant difference between healthy and WSV-infected animals. The data, therefore, suggested that the LGBP gene was overexpressed in the WSVinfected samples. The Northern blot hybridization data, therefore, supported the real-time RT-PCR findings that the LGBP gene was upregulated in the WSV-infected animals.
Expression of proPO gene in response to WSV infection. The mRNA expression of the proPO gene was measured in the hemolymph of healthy and WSV-infected shrimp by SYBR Green RT-PCR at different time points after challenge. In the healthy animals, the proPO level was upregulated at 4 h p.i. followed by a downregulation at 8 h. At 16 h p.i., the proPO level was upregulated again, and at 32 h p.i. the proPO level was comparable to that at 2 h p.i. In the WSV-infected samples, the proPO level showed an upregulation trend until 8 h followed by a downregulation at 16 and 32 h p.i. The proPO level in the WSV-injected animals appeared to correspond to the progression of the virus infection. WSV was detected at 16 and 32 h p.i., with the average virus load being 3.51 ϫ 10 4 and 3.41 ϫ 10 4 copies/ng of total DNA, respectively. An unpaired, two-tailed t test showed a significant difference between healthy and WSV-infected samples only at 16 h p.i. (P Ͻ 0.0057). Therefore, the data suggest that, in the early hours after infection, the animals are trying to clear the infection and there is an upregulation of proPO expression. As time progresses, the virus multiplies and overwhelms the host defense and proPO expression is significantly downregulated. In contrast, the expression of proPO in the bacterially challenged shrimp remained at a very high level (⌬⌬C T ϭ 3.3, 9.85-foldhigher expression) at 32 h p.i. compared to that for the 2% saline-injected animals at the same time point.
DISCUSSION
Crustaceans rely primarily on their innate immune response to protect themselves from a variety of pathogens. While the intricacies of the crustacean immune system have been explored with respect to a number of bacterial and fungal pathogens, little is known about the crustacean response to viral infections. The crustacean's response to viral infection may share some of the same pathways in the innate immune system already explored for defense against bacterial and fungal infections. Indeed, this appears to be the case with respect to WSV infection in shrimp, where a gene normally associated with bacterial infection, the LGBP gene, appears to be upregulated in response to the presence of WSV. The overexpression of the LGBP gene coincided with the activation of the proPO cascade in the initial hours after infection and before the animal was overwhelmed by the viral load and succumbed to the disease.
Toward our overall goal of isolating genes that are differentially expressed in WSV-infected shrimp, we have undertaken a project to randomly sequence clones from a hepatopancreas cDNA library of WSV-infected shrimp. WSV is currently the most economically important viral pathogen of farmed penaeid shrimp. Since the initial report of WSV infection in farmed Marsupenaeus japonicus in Japan in 1993 (14) , the virus has spread through much of Asia and Central and South America, causing catastrophic losses to shrimp aquaculture. Therefore, there is an urgent need to understand the molecular basis of WSV pathogenesis in shrimp, which may be helpful in developing strategies for management of the disease and for longterm sustainability of penaeid shrimp farming worldwide.
Random sequencing of expressed sequence tags has accelerated the identification of genes involved in the immune response in many species including shrimp (10) . In Pacific white shrimp (P. vannamei) and Atlantic white shrimp (P. setiferus) several immune-function genes have been identified by highthroughput sequencing of expressed sequence tags from a hepatopancreas and hemocyte cDNA library (10) . Lectins were the most abundant immune-function genes in the hepatopancreas, and antimicrobial peptides were the most common in the hemocyte (10) . Random sequencing of cDNA clones from the hepatopancreas tissue of WSV-infected Pacific blue shrimp (P. stylirostris) provided us with several genes that may potentially be involved in the immune response in shrimp (A. K. Dhar, unpublished data). The hepatopancreas is a key organ involved in the immune response of crustaceans and thus presumed to be a primary site for the production of immune recognition molecules (10, 18) . The outer spaces of arterioles in hemal spaces of the hepatopancreas are occupied by the fixed phagocytes that are involved in eliminating the pathogens and other particulate matter from the hemolymph (18, 46) .
The organization of the shrimp LGBP gene was found to be very similar to that of the crayfish LGBP gene (25) . Unlike the crayfish gene, the shrimp LGBP gene does not contain any repeat element in the 3Ј UTR, and the shrimp LGBP gene has two putative cell adhesion motifs (RGD) compared to one in crayfish. In crayfish, the RGD cell adhesion motif was found to serve as a ligand for cell surface integrins and to mediate blood cell adhesion and cellular immunity (17) . Many viruses such as foot-and-mouth disease virus and rhinovirus contain a highly conserved RGD domain in the capsid protein VP1 that is involved in recognition of cellular receptors and is dispensable for entry of the virus into the cell (27) . It remains to be seen whether WSV binds to LGBP and then whether the complex of LGBP and WSV attaches to the cell surface receptor(s) with the RGD domain.
The amino acid sequence for the shrimp LGBP gene contained a potential recognition motif for ␤-1,3-linkage of polysaccharides. This motif was conserved in the homologous genes of insects, crustaceans, and other species. It is unknown whether such a motif is involved in the binding of not only LPSs and ␤-1,3-glucans but also WSV capsid protein(s). WSV encodes four major structural proteins, VP28, VP26, VP24, and VP19 (38) . VP26 and VP24 are associated with the nucleocapsid, whereas VP28 and VP19 remain on the virus envelope (38) . VP28 has five potential sites for N glycosylation and two sites for O glycosylations (39) . An in vitro assay using recombinant LGBP and VP28 proteins will enable us to determine if VP28 could selectively bind to LGBP.
The 3Ј end of the shrimp LGBP gene showed similarity with the ␤-1,3-and ␤-1,3,4-glucanase of bacteria (Bacillus circulans, Clostridium thermocellum, and Thermotoga maritima). The catalytic residues in the active site of glucanase were found to be conserved in shrimp (W, E, I, and D at amino acid positions 187, 192, 193, and 194, respectively) (Fig. 1) . A similar glucanase domain has also been found in the LPS binding protein of insects (8, 28, 32) and earthworm CCF-1 protein (4). Although the CCF-1 protein binds to ␤-1,3-glucan and bacterial LPS, it lacks glucanase activity, and the glucanase activity has not been demonstrated for the gram-negative bacterial binding protein of other invertebrates. It has been suggested that the LGBP gene of invertebrates might have evolved from bacterial glucanase. During evolution the invertebrate LGBP gene lost the glucanase activity but retained the glucan binding properties and therefore plays a role in innate immunity (25) . A ␤-1,3-glucan binding protein has been isolated from the plasma of both brown shrimp (Penaeus californiensis) and white shrimp (P. vannamei). This 100-kDa protein was shown to enhance the activation of the proPO cascade (43, 44) . The N-terminal portion of shrimp ␤-1,3-glucan binding protein was partially sequenced; however, the gene has not been cloned or characterized.
The shrimp LGBP gene was found to be upregulated in WSV-infected animals. Initially, LGBP gene expression was measured in healthy and WSV-infected shrimp at 36 h p.i. with animals from two independent challenge studies. A considerable difference in LGBP gene expression between experiments 1 and 2 (⌬⌬C T of Ϫ2.2 and Ϫ4.0 [ Fig. 5] ) was observed. Since no established cell line is available for shrimp, individual animals were used to assess the LGBP gene expression for each experiment. Animal-to-animal variation might have contributed to the difference in LGBP gene expression between the two experiments. Nevertheless, the LGBP gene expression was significantly upregulated (P Ͻ 0.0001) in the WSV-injected animals in both experiments. A similar observation was recorded when the temporal expression of the LGBP gene was measured in healthy and WSV-injected shrimp at different hours postinjection. The LGBP gene expression level in healthy and WSV-injected animals did not show any significant difference until 16 h p.i. At 36 h p.i. the difference reached a maximum level, with the WSV-infected animals showing almost 10-fold-higher expression than the healthy animals. The differential expression of the LGBP gene followed the trend in WSV multiplication in the infected animals, since the virus could not be detected until 16 h p.i..
The proPO expression was measured in the hemolymph of healthy and WSV-injected animals from the time course study. In the WSV-infected shrimp, the proPO expression showed an upregulation until 8 h p.i., while at 16 and 32 h p.i. the proPO level was reduced. The proPO expression, therefore, followed a reverse trend compared to LGBP gene expression at 16 and 32 h p.i. In invertebrate blood, the PO remains as an inactive zymogen, proPO, which is activated by serine proteinases to active PO. Inhibitors of serine proteinases that regulate the activation of this enzyme have been cloned from crayfish and insects (34) . In shrimp, proPO has been shown to be activated by commercial trypsin proteinase in vitro, although no shrimp serine proteinases have been cloned so far (37) . Recently, we have isolated a partial clone of serine protease from a shrimp hepatopancreas cDNA library and measured its temporal expression at 0, 2, 4, 8, 16, and 32 h in the same samples used in the present study. It was observed that serine protease is upregulated in the WSV-infected animals as infection progresses (A. K. Dhar, unpublished data). The fact that proPO expression is not upregulated in the same virus-infected samples leads to the speculation that WSV infection probably activates the expression of a protease inhibitor(s) that blocks the activity of serine protease or the activity of the proPO. In some insect species such as tobacco hornworm (M. sexta) in a parasitoid relationship with the braconid wasp Cotesia congregata and Trichoplusia ni and Heliothes viriscens larvae in a parasitoid relationship with Hyposoter exiguae and Campoletis sonorensis, the parasitoids have evolved mechanisms to inhibit the activation and/or activity of PO in order to suppress or evade the immune mechanisms of the host (3, 36) . A similar suppression of PO activity in unparasitized larvae was observed following injection of purified wasp polydnavirus, an enveloped virus with a double-stranded segmented DNA genome. The inactivation of the virus by exposure to psoralen and long-wave UV eliminated the inhibitory activity on PO (3, 36) . The female wasp normally injects the virus into the host, suggesting that in parasitized larvae the inhibition of PO is virally mediated (3, 36) .
There was a dramatic reduction of hemocyte count as well as PO enzyme activity in the WSV-infected animals compared to the healthy animals at 16 and 32 h p.i. (data not shown). A reduction in hemocyte count in response to infection by nuclear polyhedrovirus, a member of the family Baculoviridae, has been reported for the American bollworm (Heliothes armigera) (19) . It is, therefore, tempting to speculate that WSV may employ a strategy similar to the parasitoid wasp to avoid the defense mechanisms of shrimp. The data presented here clearly indicate a differential expression of the LGBP gene in WSV-infected shrimp. To our knowledge, this is the first report that LGBP gene overexpression has been shown in response to virus infection in an invertebrate host. This suggests that LGBP is an inducible acutephase protein that may play a critical role not only in bacterial and fungal pathogenesis but also in viral pathogenesis. This also opens up new insights into the role of PRPs in viral pathogenesis in invertebrates in general and WSV pathogenesis in shrimp in particular.
In insects and crustaceans, LGBP has been shown to bind PRPs such as LPS and ␤-1,3-glucan and thereby activate the proPO cascade. The downregulation of proPO suggests that WSV may employ a novel way(s) to regulate the activation and/or activity of the proPO cascade to evade the host defense. 
